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Impact of volatile phenols and their precursors on wine quality
and control measures of Brettanomyces/Dekkera yeasts
Joyce Kheir • Dominique Salameh •
Pierre Strehaiano • Ce´dric Brandam •
Roger Lteif
Abstract Volatile phenols are aromatic compounds and
one of the key molecules responsible for olfactory defects
in wine. The yeast genus Brettanomyces is the only major
microorganism that has the ability to covert hydroxycin-
namic acids into important levels of these compounds,
especially 4-ethylphenol and 4-ethylguaiacol, in red wine.
When 4-ethylphenols reach concentrations greater than the
sensory threshold, all wine’s organoleptic characteristics
might be influenced or damaged. The aim of this literature
review is to provide a better understanding of the physi-
cochemical, biochemical, and metabolic factors that are
related to the levels of p-coumaric acid and volatile phe-
nols in wine. Then, this work summarizes the different
methods used for controlling the presence of Brettanomy-
ces in wine and the production of ethylphenols.
Keywords Wine  p-Coumaric acid  4-Ethylphenol 
Bioconversion  Brettanomyces/Dekkera
Introduction
The fermentation process of winemaking is the result of a
complex biological and biochemical interaction between
yeasts, bacteria (lactic and acetic), and filamentous fungi
present in grapes, grape musts, and wine at various stages.
If the wine flavor is directly determined by grape variety,
microorganisms can also affect it by the production and
excretion of metabolites during growth and through
autolysis [1]. The involvement of microorganisms in wine
must be controlled in order to avoid any negative impact on
the organoleptic quality of the final product.
In some cases, the growth of some yeasts such as
Brettanomyces species can result in wine defects and
subsequent spoilage. Depending on the conditions and on
the available precursors (hydroxycinnamic acids, also
called phenolic acids), this yeast genus can produce
undesirable metabolites when growing and/or aging in
wine. These phenolic acids may be advantageous by
inhibiting microbial growth [2] and are known to be pre-
cursors of volatile phenols [3, 4]. In the wine production
field, the term ‘‘volatile phenols’’ usually means the group
of compounds made up of 4-ethylphenol, 4-ethylguaiacol,
and 4-ethylcatechol. Depending on their concentration
levels, volatile phenols can be considered as normal con-
stituents or as the cause of deterioration of wine quality. At
low levels, some winemakers accept the presence of these
products, which can greatly give a distinctive aged char-
acter to some young red wines. It favorably contributes to
the complexity of aroma by imparting aroma notes of
spices, smoke, and leather [5] and by giving good sensory
attributes of bitterness and astringency [4]. When the levels
of these low molecular weight volatile phenols exceed the
perception threshold (0.047 mg/l for 4-ethylguaiacol and
0.23 mg/l for 4-ethylphenol) [6], Brettanomyces can
potentially induce spoilage related to medicinal or barnyard
odors. Moreover, Brettanomyces is responsible for pheno-
lic off-flavors (POF) of smelling mousy, horse sweat, or
rancid cheesy aroma; isovaleric acids are known to be
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responsible for that cheesy aroma, while mousy odors are
the result of tetrahydropyridines (2-ethyltetrahydropyr-
idine, 2-acetyltetrahydropyridine, and 2-acetylpyrroline)
[7] synthesized by Brettanomyces bruxellensis from lysine
and ethanol. The off-flavors can appear in all red wines at
different production stages, mainly in aging processes [8],
prior to bottling, especially when wines are stored in bar-
rels, particularly old barrels, if rarely or never racked. This
organoleptic contamination, described as the phenolic
character or ‘‘Brett character,’’ leads to consequent eco-
nomic loss. Among all the POF that Brettanomyces genus
can produce, the production of 4-vinylphenol and 4-eth-
ylphenol from p-coumaric acid is certainly the most pre-
dominant reaction in terms of quantity and frequency. This
review presents a complete description of these reaction
mechanisms and then recapitulates different factors that
directly affect them. Two types of factors are discussed:
first, physicochemical factors that can directly influence the
amount of p-coumaric acid present in the medium before
bioconversion takes place or the amount of 4-ethylphenols
already formed. Then, this review cites various biochemi-
cal and metabolic factors that affect the bioconversion and
can effectively modify the kinetics of the reaction. Finally,
this work attempted to include some aspects of control of
Brettanomyces growth; thus, understanding the physico-
chemical attributes of growth is fundamental to under-
standing how to achieve effective control of the organisms.
Main characteristics of Brettanomyces/Dekkera yeasts
In 1904, the name Brettanomyces was proposed for the first
time by N.H. Claussen for yeast involved in the secondary
fermentation of the so-called English stock-beer. He
included these strains in the genus Torula. The name
Brettanomyces was first used, in 1921 by Kufferath and
Van Laer, as a generic name for two yeasts (Brettanomyces
bruxellensis and Brettanomyces lambicus) isolated from
lambic beer and which showed much resemblance to
Claussen’s strains [9].
In terms of morphology, Brettanomyces yeasts are pyr-
iformis (‘‘ogive’’-shaped, more or less elongated) with
multipolar budding (multilateral). They are also known to
form pseudomyceliums. In sexual reproduction, they
present ascus containing one to four ascospores [10].
However, the morphology of Brettanomyces sp. may
change depending on environmental conditions [11]. This
may explain the difficulties in their detection in alcoholic
beverages. Indeed, under stressful conditions, they become
smaller, to the point of passing through the membrane of
0.45 lm, while the normal size of Brettanomyces sp. varies
from 2 to 7 lm. In this form, they are part of the flora
viable but not cultivable, but may resume normal growth
after an enrichment culture of a week [12].
Optimum range of growth conditions
Brettanomyces has been isolated from the outside of grapes
and from winery equipment more commonly in vats,
pumps, and on materials that are difficult to clean. It can
also grow during red wine aging in oak barrels, particularly
when SO2 concentration is low (molecular SO2\ 0.5 mg/l),
pH is high ([3.8), and temperature is above 15 °C [13],
and sometimes even after bottling. The porous micro-
structure of (new and old) oak barrels allows the influx of
small amounts of oxygen, which helps the growth of
Brettanomyces [14]. The use of old wooden casks can also
increase the presence of these species because they are
impossible to sterilize.
Brettanomyces is known to be as a slow-growing yeast
(naturally slower than Saccharomyces) taking over a week
or several weeks to reach a detectable population size and
that does not compete well against other microorganisms.
Most of the strains could grow on any of the monosac-
charides glucose, fructose, and galactose or the disaccha-
rides sucrose, maltose, cellobiose, and trehalose [15], and
when grown on glucose-rich media, it produces large
amounts of acetic acid. It can also proliferate under warm
cellaring conditions such as high alcohol levels and the
existence of even small amounts (\300 mg/l) of ferment-
able sugars such as glucose, which is its preferred source of
energy for growth. Several observations show that glucose
exerts a repression or inhibition system assimilation of
other sugars. Thus, in a mixture of cellodextrins–glucose,
preferential consumption of glucose is expected [16]. To
make matters worse, Brettanomyces custersii and Dekkera
intermedia metabolize cellobiose, a disaccharide forming
the basic repeating unit of cellulose (a structural polysac-
charide of wood) [17].
Brettanomyces yeasts usually do not require nutrition-
rich environments for their growth. It has been reported
that this genus of yeast is the only microorganism that can
survive in wine after bottling, due to its ability to resist in
the anaerobic conditions [18]. Thus, Brettanomyces
showed good biomass production in semi-aerobic and
anaerobic conditions, while a reduction in both growth rate
and biomass concentration was shown in strict-anaerobic
conditions. In this latest condition, the amount of dissolved
oxygen in wine at the beginning of fermentation was suf-
ficient to stimulate the growth and the fermentation. In fact,
the stimulation of alcoholic fermentation by an H-acceptor
such as oxygen has been considered as a biochemical
characteristic of Brettanomyces/Dekkera (Custers effect)
[19].
Under fully aerobic conditions, Brettanomyces yeasts
are able to multiply faster and can produce large amounts
of acetic acid while ethanol concentrations were found to
be lower. Under the same conditions, Brettanomyces has
been shown to display a loss of viability after 200 h [20].
The presence of oxygen is known to reduce the sensitivity
of Brettanomyces to SO2, but strain variations also influ-
ence this sensitivity [21]. On the other hand, semi-aerobic
conditions cause a decrease in the production of acetic
acid. In addition, Brettanomyces is tolerant to high levels of
ethanol (14.5–15 %) [22]. Also, the addition of ammonium
sulfate or yeast extract to the medium is thought to be as
favorable conditions for their growth [11]. Similarly,
vitamins such as biotin and thiamine can positively affect
the growth of this organism [15]. Also, growth of Bretta-
nomyces bruxellensis can be stimulated by the addition of
ammonium sulfate or yeast extract to the medium [11].
Concerning the concentrations of SO2, data shown in lit-
erature were different. Du Toit et al. [21] reported that
Brettanomyces is sensitive to the levels between 0.25 and
0.35 mg/l of molecular SO2, while Barata et al. [23] rec-
ommended an adjustment of its level to 1.0 mg/l in wine
before barrel aging.
Bioconversion of hydroxycinnamic acids into ethyl
derivatives by Brettanomyces: main enzymatic
reactions involved
Phenolic compounds in wine are generally divided into two
groups, flavonoids and non-flavonoids [24, 25], based on
their carbon skeleton. A third group of phenolic complexes
has been reported by Basha et al. [26]. These compounds
are known as phenolic-protein-polysaccharide complexes.
Flavonoids include anthocyanins, flavan-3-ol monomers
and polymers, flavonols, and dihydroflavonols. The
majority of non-flavonoids found in grapes are hydroxy-
cinnamic acids (found esterified with tartaric acid, caftaric
acid, coutaric acid, and fertaric acid); hydroxybenzoic
acids (gallic acid, a hydrolysis product from grape or oak
tannins), stilbenes (resveratrol and piceid), and phenolic
alcohols [25]. The chemical structure of flavonoid com-
pounds is based on 15 atoms of carbon, including two
benzene rings joined by a linear three-carbon chain, while
non-flavonoid structure presents one primary aromatic ring
attached to either one or three carbons.
The different compounds present in wine are mainly
derived from hydroxycinnamic acids, including caffeic
acid, p-coumaric acid, ferulic acid, and sinapic acid
(Fig. 1). These derivatives can be present in cis and trans
configured forms, while the trans forms are more stable
and, therefore, more prevalent [27].
Most of the hydroxycinnamic acids are initially present
in grapes. During the maceration process, they are extrac-
ted from the berries and pass into the grape juice. As fer-
mentation begins, ethanol concentration becomes higher,
thus increasing the extraction of all phenolic compounds.
In wine, hydroxycinnamic acids are present in low amounts
in their free form, while other forms such as esters of l-(?)-
tartaric acid are predominant. The ubiquitous chlorogenic
acids, esters of hydroxycinnamic and quinic acids, cannot
be found in wine, but are replaced by tartaric acid esters
[27]. The action of cinnamoyl-esterase enzymes releases
these weak acids to their free forms [28], in which they can
be inhibitory to the growth of many microorganisms. The
origin of volatile phenols is related to the sequential
activity of two enzymes that decarboxylate free hydroxy-
cinnamic acid precursors (p-coumaric, ferulic, and caffeic
acids) into hydroxystyrenes (4-vinylphenol, 4-vinylguaia-
col, and 4-vinylcatechol), which are then reduced to their
corresponding ethyl derivative forms (4-ethylphenol,
4-ethylguaiacol, and 4-ethylcatechol) [4]. The first enzyme
is a cinnamate decarboxylase (analogous to the Pad1
enzyme of Saccharomyces cerevisiae), which cleaves the
C3 (Fig. 2) carbon from the side chain releasing CO2. The
second, a vinylphenol reductase (VPR), reduces the double
bond on the vinyl derivative to form the ethyl substitute
compound [29]. The capacity of Brettanomyces/Dekkera
spp. to form ethylphenols was demonstrated for the first
time during the fermentation of a grape must [30, 31]. The
name Dekkera describes the teleomorph (perfect state),
which means the sporogenous form.
Recent studies show that Brettanomyces only metabo-
lize vinylphenols and do not decarboxylate hydroxycin-
namic acids [32]. A partial hydroxycinnamate
decarboxylase (HcD) protein sequence from Dekkera
anomala has been described. It does not share similarities
with the previously sequenced HcD genes from other




R1 R2 R3 MW
Caffeic acid OH H H 180
Caftaric acid OH H Tartaric acid 312
p-Coumaric acid H H H 164
p-Coutaric acid H H Tartaric acid 296
Ferulic acid OCH3 H H 194
Fertaric acid OCH3 H Tartaric acid 326
Sinapic acid OCH3 OCH3 H 224
Fig. 1 Structures of hydroxycinnamic acids in wine [27]
protein as the N-terminal sequence reported by Edlin [33].
This novel enzyme, found in Dekkera species, is respon-
sible for hydroxycinnamic acid decarboxylation. In this
previous work, the authors reported the lack of HcD in
some species of this yeast and not as a general conclusion
about the genus.
Decarboxylation reactions exist in numerous bacteria,
fungi, and yeast species under enological conditions. The
fermenting yeast S. cerevisiae is able to decarboxylate the
side chain of hydroxycinnamic acids to produce vinyl
derivatives, but is incapable of reducing them to critical
concentrations of ethyl derivatives [4, 29, 31]. Other yeast
genera that also decarboxylate p-coumaric and ferulic acid
include Rhodotorula, Candida, Cryptococcus, Pichia, and
Hansenula [34]. Some strains of Lactobacillus brevis and
Pediococcus pentosaceus are also able to decarboxylate p-
coumaric acid to form vinylphenols, but are unable to
break down ferulic acid [34]. It is much rarer for lactic and
acetic bacteria isolated from wine to synthesize significant
quantities of 4-ethylphenol [35]. The reduction step and the
production of large quantities of ethylphenols occur less
frequently in microorganisms, but are particularly effective
with the population of B. bruxellensis, B. anomala [36],
and B. intermedius [37]. In grape must, strains of Pichia
guilliermondi present a similarity with Dekkera bruxell-
ensis strains in producing considerable quantities of eth-
ylphenol [4]. As P. guilliermondi has been recovered from
all winery equipment, they may have significance for wine
spoilage through the production of volatile phenols. How-
ever, these species are not capable of producing high levels
of 4-ethylphenol in wine as their viability is lost after 24 h
of inoculation in red wine presenting normal conditions
(pH 3.5 and ethanol concentration varying from 10 to 12 %
v/v) and in the absence of free sulfite [38].
Factors affecting the production of 4-vinylphenol
and 4-ethylphenol in wine
The formation of volatile phenols in wine depends on the
presence of p-coumaric acid. Moreover, it is proportional
to the size of Brettanomyces/Dekkera population [17, 39]
and is also influenced by the vinylphenol enzymatic
activity, which is specific to Brettanomyces. The influence
of various strains of B. bruxellensis on the production of
4-ethylphenols and other volatiles has not been fully
elaborated. The worldwide winemaking community is
divided regarding the potential merits or deficiencies due to
the growth of Brettanomyces in wine. It has been suggested
that these differences may result from strain variations,
which are well reported in the production of these com-
pounds, length of time for Brettanomyces–wine contact,
and the ratio of current to total cell exposure [40]. Other
factors exist and may influence either the reactants and/or
the products of the bioconversion reaction or even the
reaction kinetics itself. The following paragraphs elaborate
these factors which are divided into physicochemical
components and biochemical and metabolic ones.
Physicochemical factors
Wine grape varieties and degree of maturation
A greater potential of volatile phenol production arises
from higher levels of precursors (ferulic and p-coumaric
acids) [41]. Thus, the availability of p-coumaric acid is
essential for the significant production of 4-ethylphenol.
Phenolic acids are normally found in small quantities in
grapes, at the levels varying from traces to 15–20 mg/l in
free forms and from 10 to 50 mg/l in bound forms.
Fig. 2 Pathway of formation of volatile phenols via the decarboxylation of hydroxycinnamic acids
However, the amount of these contents directly differs,
based on the chosen grape variety [41–43]. According to
the study of Po¨llnitz et al. [44] on commercial bottled
Australian red wines, pinot noir wines were reported to
contain less p-coumaric acid, while commercial wines from
cabernet sauvignon or merlot were the richest in this acid.
Subsequently, low amounts of 4-ethylphenol formed
resulted in pinot than the one formed in other types of
grapes. This suggests a relation between concentration of
precursors and products. On the other side, as for all cin-
namic acids, white wines contain a concentration of
p-coumaric acid\5–25 % compared to red wines, proba-
bly due to the lack of the maceration stage [45]. Red wines
are also known to have a much higher level of coumaric
and ferulic acid than white wines as they are extracted from
the skins of grapes during red wine fermentation. Thus,
Brettanomyces can produce 4-ethylphenol from 4-vinyl-
phenol originally present in wine (action of Saccharomyces
and different microorganisms), in addition to 4-ethylphenol
produced by both steps of bioconversion from p-coumaric
acid, initially present in wine [4].
Another factor affecting the initial quantity of p-cou-
maric acid in wine is grape maturity. This stage can be seen
as a compromise between sugar content, total acidity, and
aromatic or phenolic potential [46]. When grapes are
allowed to ripen, phenolic maturity becomes more impor-
tant; consequently, the quantity of phenolic compounds
increases. Thus, the phenolic composition of wine is
directly related to the decision concerning the date of
harvest [47]. Indeed, grape at harvest time certainly con-
tains a multitude natural microflora of bacteria, yeasts, and
molds. The microbial population may be related to
increased levels of POF. As an example, Aspergillus
molds, which inhabit grapes and have esterases to hydro-
lyze phenolic acids bound to tartaric acids, can increase the
free phenolic acid content in grape musts. This suggests the
importance of sanitary conditions for wine grapes [41].
Process of extraction
The variation in 4-ethylphenol concentration between two
red wines is partially due to the process of vinification [48].
One finding shows that for a wine made from the same
grape variety and has undergone the same winemaking
process, carbonic maceration has a direct influence on the
amount of 4-ethylphenol which would appear in wine [48,
49]. Carbonic maceration generally takes place before
alcoholic fermentation and leads to the production of small
amounts of ethanol by the grape enzymes, in anaerobic
metabolism and in an atmosphere saturated with CO2. This
maceration promotes a significant extraction of wine phe-
nolic compounds (p-coumaric acid) [50, 51], especially
when it happens at around 30–32 °C as high temperature
favors extraction. Other physicochemical factors, such as
restlessness, pumping, and concentration of SO2 or CO2,
can also play an important role in the extraction process.
In fact, changing the temperature during winemaking
processes may influence the extraction of phenolic com-
pounds because temperature affects the permeability of
cells and membranes in grape berries [52]. It was reported
that higher anthocyanin content, color intensity, total
polyphenols, and total sensory score were obtained in pinot
noir wine by heating at the end of maceration [39, 53].
Moreover, heating at about 40 °C for 1 day after fermen-
tation was preferable, as this temperature has a significant
effect on phenolic extraction without producing a large
quantity of volatile acid or oxidized off-flavor that is often
reported under high temperature, for example, during a
thermovinification process at 50–80 °C. Same authors did
not observe any improvement in phenolic extraction as a
result of cold soak, a vinification method in which wine
musts are kept at low temperature for several days before
alcoholic fermentation.
Adsorption of p-coumaric acid and ethylphenols
The p-coumaric acid, which may be naturally found under
the form of esterified p-coumaroyltartaric acid, is partially
lost in the physicochemical treatments for wine stabiliza-
tion, particularly to offset tartaric instability. Tartaric acid
is one of the main acids in wine. It may appear as either
free or associated with other chemical compounds,
including p-coumaric acid [54]. While studying biocon-
version, Salameh et al. [55] explained the difference found
among the initial concentration of the detected p-coumaric
acid and the one added by the adsorption on Brettanomyces
sp. when the population level increases. The same phe-
nomenon was observed by Cabrita et al. [56] when a dif-
ference was found between the initial concentration
(10 mg/l) of caffeic, ferulic, and p-coumaric acids added
and the concentrations detected immediately after yeast
inoculation. Other than adsorption on yeast cell walls, the
loss of hydroxycinnamic acids in a synthetic medium might
be explained either by their instability at high temperature
or by esterification reaction with ethanol.
Furthermore, it is well known that during fermentation,
yeasts may influence the color of wine [57]. They signifi-
cantly reduce the composition of anthocyanin by adsorp-
tion on their wall [58] or through the intermediate
periplasmic anthocyanin-b-D-glucosidase [59, 60]. In the
same way, the yeast S. cerevisiae favors the formation of
anthocyanin-vinyl derivatives between malvidin-3-O-glu-
coside and 4-vinylphenol. This may be different depending
on the strains [61, 62]. It also reduces 4-vinylphenol from
the medium, minimizing the risk of formation of 4-ethyl-
phenol, on the one hand, and stabilizes pyranoanthocyanins
on the other hand [63, 64]. Indeed, vinylphenol derivatives
with anthocyanins are very stable because of their aromatic
heterocyclic ring [65, 66], which makes the effect of SO2
minimal with the anthocyanin discoloration [65].
Other chemical reactions
The winemaking process leads to environments that always
change. The deviation of organoleptic characteristics of
wine is a direct result of variations in phenolic composition
[67]. Indeed, the formation of weak or strong energy links
between various phenolic compounds, on the one hand, and
between polyphenols and other constituents of wine, on the
other, plays an important role in enology [68–70]. As a
result, p-coumaric acid can undergo a polymerization
reaction or an electrophilic addition with other compounds,
including S-glutathione. Similarly, 4-vinylphenol can
undergo an electrophilic addition with alcohol in wine to
give ethoxyethylphenols [71].
Several endogenous and exogenous enzymes of grapes
can also act on p-coumaric acid, like other phenolic com-
pounds during vinification, by either oxidizing or hydro-
lyzing these compounds. The main degrading enzyme of the
grape polyphenols is polyphenoloxydase (PPO) which will
oxidize the must and the future wine in an aerobic environ-
ment leading to a brown color. This phenomenon is known as
an ‘‘enzymatic browning’’ [72, 73]. Thus, p-coumaric acid is
an important substrate for polyphenol oxidase and can be
oxidized enzymatically throughout the processing chain,
even if PPO is primarily active at the beginning of vinifi-
cation. Phenolic compounds can afford ‘‘auto-oxidation’’ in
a non-enzymatic way under favorable conditions, but these
reactions are limited and long, compared to enzymatic oxi-
dation [74, 75]. In a hydro-alcoholic mixture solution, phe-
nolic acids are colorless. They may become yellow after
oxidation. But although p-coumaric acid induces a yellowish
hue inwine [76], this compound does not appear to undergo a
chemical browning [77]. Because of their antioxidant
function, phenolic compounds are known to inhibit the
development of various oxidations [78, 79].
Pectinases, b-glucanases, tannase, and cinnamate ester-
ase are hydrolytic enzymes, by which hydrolysis of
p-coumaroyltartaric acid in must releases p-coumaric acid
in wine [80]. It should be noted that esterase activity may
continue in the finished wine, which increases the amount
of p-coumaric acid released from its ester residuals over
time [43]. As many reactions can increase the quantity of
p-coumaric acid in the medium, others can cause a
decrease in the amount available for bioconversion as it
was shown by Salameh et al. [55], which explained
p-coumaric disappearance at the beginning of the reaction
by an esterification reaction. This reaction is known to
occur in all wine polyphenols.
It is noteworthy that ethylphenol in red wine is not
stable and its concentrations, as well as the resulting sen-
sory profile, can be influenced. This reaction is still poorly
understood, whereas it is known that 4-ethylphenol can be
broken down into 4-hydroxyacetophenone via the enzyme
4-ethylphenol methylene hydroxylase (4EPMH) and into
4-hydroxyacetophenone and 4-vinylphenol via the enzyme
p-cresol methylhydroxylase (PCMH). In the same way, the
breakdown products of 4-ethylguaiacol are 4-vinylguaiacol
and 4-acetovanillone. The potential degradation products
can influence the aroma profiles of wine as 4-hydroxy-
acetophenone has a sweet floral aroma; 4-vinylphenol has
an almond shell aroma, 4-vinylguaiacol a clove-curry
aroma, and 4-acetovanillone a vanilla aroma [81].
Aging wine types and effects of oxygenation
Maturation and aging can be considered as a group of
reactions and series of changes that occur in wine during
storage and lead to wine improvement. Wine aging should
not be viewed as a single procedure and a single event, but
rather as a series of changes. A distinction exists between
the term maturation and aging. Maturation is used for
changes during bulk storage, whereas aging is used for
changes during bottle storage. The key difference is that
during bulk storage, a wine is likely to be exposed to air,
whereas it is stored in bottles in essentially anaerobic
conditions. It was showed that the presence of volatile
phenols is mainly due to the phenomenon of maturation
[82]. In general, a time of breeding of nine months is
enough to have a phenolic character affecting wine aromas.
Stages of aging wine are responsible for the enrichment
of phenolic composition. Indeed, using oak barrels for wine
aging is a respected tradition because wood releases the
odorous constituents of a wine [83–85]. Oak wood is
composed of four principal constituents: cellulose, hemi-
cellulose, tannins, and lignins. Lignin makes up 25–35 %
of the dry weight of wood and can be degraded by heat,
hydrolysis, and microbial action. During seasoning and
toasting, lignins undergo substantial chemical changes.
Compounds that result from thermal degradation are van-
illin, guaiacol, 4-ethylguaiacol, ferulic acid, 4-meth-
ylguaiacol, 4-ethylphenol, and p-coumaric acid. Extraction
of volatile compounds from oak barrels depends mainly on
the quantity of compounds that are potentially extractable,
on the contact time between wine and wood, and on the
wine composition [86].
Similarly to oak barrels, the oxygenation allows favor-
able development of polyphenols [74, 87, 88]. This quality
of maturation made from wood entails several difficulties
and risks.
Under the same conditions, wine reared in stainless steel
vats has concentrations of 4-ethylphenols twenty to forty
times lower than those observed in barrels [6, 31], while
these compounds were formed in a higher quantity when
wine is stored in used barrels and their concentration tends
to increase during aging. Ethylphenols were also formed in
wine aged in new barrels. Their concentrations were lower
after 6 months of storage in the barrel (4-ethylphenol,
42.3 mg/l; 4-ethylguaiacol, 8.4 mg/l), but values increase
after 15 months (4-ethylphenol, 275 mg/l; 4-ethylguaiacol,
55 mg/l) [89].
Indeed, when breeding in oak, 4-ethylphenol and
4-ethylguaiacol compounds are mainly present, but are not
directly provided by oak [90]. If the presence of these
molecules involves contamination with Brettanomyces
yeast, the type of used barrels can have a pronounced effect
[91]. On the one hand, used wood accumulates gradually
ethylphenols in its mass (especially 4-ethylphenol), while it
remains without native phenols and thermodegradation
derivatives of lignin [91, 92]. On the other hand, burnt
wood leads to the formation of a large number of com-
pounds, including several volatile phenols, such as guaia-
col, 4-methylguaiacol, 4-ethylguaiacol, eugenol, and
syringol. This composition depends on three factors: nat-
ure, age, and origin of used barrels [31, 93]. However, the
quantity of vinylphenol is less affected than the quantity of
ethylphenol by the phenomenon of accumulation if wine is
older [90]. It also shows that the concentration of p-cou-
maric acid in wine, which has undergone maturation in
wooden barrels, as well as the phenomenon of p-coumaric
acid extraction from wood to wine, remains unchanged
[94].
Biochemical and metabolic factors
Differences in rates and balance for p-coumaric acid
bioconversion into 4-ethylphenol
Volatile phenol concentrations may vary in a significant way
from one wine to another and may depend on the yeast
strains. Molar conversions at a rate of 90 % were reported
for D. bruxellensis, D. anomala, and P. guillermondii while
other fermentative yeasts were incapable of producing
4-ethylphenol at these rates of conversion [17]. Medawar
[10] noted that with B. intermedius, whatever the initial
concentration of coumarate is, the conversion to ethylphenol
is (83 ± 5) %. This yield indicates that there is no restric-
tion enzyme, no inhibition by substrate excess (p-coumaric
acid), or no feedback inhibition (or repression) by ethyl-
phenol formed in the range of studied concentrations. The
yield of p-coumaric acid bioconversion into 4-ethylphenol
was shown to be variable, as reported by different studies.
Indeed, according to different authors, there is no total
conversion of p-coumaric acid into 4-ethylphenol. Expla-
nations are often assumptions. Thus, one explanation could
be that the amount of acid leaving the mass balance would
be converted within the cytoplasm by other pathways than
the formation of 4-ethylphenol, such as shikimic acid and its
phenylpropanoidic derivatives, stilbene or phenylalanine,
and its flavonoid derivatives [10, 45].
Conversion of p-coumaric acid to 4-ethylphenol in wine
depends on both the carbon source present in the envi-
ronment and the concentration of dissolved oxygen. It is
very difficult to elucidate the actual participation of each of
these factors on the bioreaction and on the overall balance
of bioconversion [95]. B. bruxellensis cannot use the
p-coumaric acid as a sole carbon source for growth. The
yield of 4-ethylphenol formation, calculated according to
the amount of 4-ethylphenol generated by p-coumaric acid
added to various synthetic environments for a strain of
B. bruxellensis, is 2.2 % if the carbon source is acetic acid,
80 % for ethanol, and up to 92.5 % if the carbon source is
glucose [95].
Biomass levels and strain diversity
Literature reveals that the most influencing factor on
volatile phenol production is the presence of microor-
ganisms responsible for biosynthesis [8]. Experiments
show that if the seeding rate of Brettanomyces popula-
tion in wine is high, the maximum population level
becomes greater; the duration of the stationary phase will
then be shorter, leading to an increase in 4-ethylphenol
concentration. Then, the levels of volatile phenols pro-
duced are proportional to the Brettanomyces population
that has been developed [96, 97]. In contrast, Medawar
[10] proved that the measured concentration of ethyl-
phenol does not reflect the level and the biomass growth
in Brettanomyces. On the other side, remarkable differ-
ences were observed regarding the volatile phenol pro-
duction in wine and the flora of microorganisms present.
The same disparity was also observed with different
strains of yeast [16, 41]. Strain variations remain the
most influential and obvious factor that explains the
differences observed.
Different strains of Brettanomyces can produce different
yields of volatile phenols [8, 16, 98]. The capacity of dif-
ferent yeasts to generate 4-ethylphenol has been investi-
gated, using different model media containing p-coumaric
acid in quantities greater than those normally encountered
in wine, although only D. bruxellensis and D. anomala
have been associated with high conversion rates [13, 14].
Recently, it has been reported that diversity among strains
for volatile phenol production differs between synthetic
media and wine with regard to the maximum production
levels of 4-ethylphenol and 4-ethylguaiacol [99].
Differences are believed to exist in the specificity and
the mechanism of action of cinnamate decarboxylase,
involving differences between species and strains in the
metabolization of hydroxycinnamic acids [29].
Growth phase
Discrepancies exist in literature for the growth phase in
which Brettanomyces produce the highest amount of eth-
ylphenol. Indeed, Zoekcklein [100] asserts that for B.
intermedius, the enrichment of the environment in ethyl-
phenols takes place when growth stops, i.e., during the
stationary phase, whereas Medawar [10] has shown a
higher production rate of these phenolic compounds in
higher exponential growth phase than during the stationary
phase. Dias et al. [4] examined p-coumaric acid conversion
in D. bruxellensis during wine fermentation and showed
that 4-ethylphenol production occurred roughly between
the mid-exponential growth phase and the beginning of the
stationary phase. The production of 4-vinylphenol was
detected only in the beginning of the growth phase in low
amounts because it was rapidly reduced. 4-Ethylphenol
production was observed only after complete fermentation
of grape juices by S. cerevisiae [37]. For Chatonnet et al.
[31], the production of 4-ethylphenol has increased since
the latent phase until the end of the exponential phase,
while the production of 4-vinylphenol has increased in a
first phase followed then by a decrease.
Inhibition of growth and activity
It was suggested that the decarboxylase action and the
production of volatile phenols are related to yeast tolerance
to phenolic compounds that are toxic [101, 102]. Thus, the
growth of Brettanomyces could be inhibited by the pres-
ence of hydroxycinnamic acids, which could explain why
yeast converts p-coumaric acid into 4-ethylphenol [29,
103]. Similarly, this inhibitory effect varies with Bretta-
nomyces strains and with the used hydroxycinnamic acid;
the combination of ferulic and p-coumaric acid inhibited
the growth of strains to a greater extent than that of single
acids [104]. This is more pronounced for D. anomala than
for D. bruxellensis. This was not found by Dias et al. [4],
who did not observe any inhibitory effect on hydroxycin-
namic acid of Brettanomyces yeast, but only on those of
Saccharomyces.
Other authors have reported that no correlation exists
between yeast tolerance to phenolic acids and volatile
phenol productivity. Then, they explain this bioconversion
by the necessity of decarboxylation of these phenols for
other metabolic pathways useful for yeast growth [41].
Morata et al. [62, 105] have studied the enological use of
S. cerevisiae (with high HcD activity), with the aim
of favoring condensation between vinylphenols and
anthocyanins; this reaction forms vinylphenolic pigments
that improve wine stability and color and prevent the
possible metabolism of vinylphenols into ethylphenols by
Dekkera/Brettanomyces.
4-Ethylphenol production is not inhibited by a high
concentration of glucose [106]. When glucose is absent in
the medium, no ethylphenol formation was detected
throughout fermentation (240 h) [107]. According to
Chatonnet et al. [35], the fermentation of concentrations of
residual sugars close to 300 mg/l is sufficient to form a
quantity of ethylphenols that surpass the set sensorial
perception threshold (425 lg/l). Even for sugar concen-
trations below 150 mg/l and even in the presence of au-
tolysed S. cerevisiae, these yeasts are able to multiply and
produce ethylphenols [108] [108]. It is important to know
that 4-ethylphenol concentrations in wine are not correlated
with the acetic acid production [95, 109].
Dissimilarity in volatile phenol contents between red
and white wines
If musts contain only trace amounts of volatile phenols,
wine can contain hundreds of micrograms per liter [110]. In
general, vinylphenols are predominant in white wine, while
red wines are richer in ethylphenols [90]. In most cases, red
wine contains 4-ethylphenol more than 4-vinylphenol. The
concentration of 4-ethylphenol varies significantly between
red wines [48, 82, 111, 112]. Two explanations have been
proposed for this finding: The first theory states that phe-
nolic compounds of red wine that are absent in white wines
inhibit the cinnamate decarboxylase of Saccharomyces
yeast and other microorganisms present in wine, which are
capable of decarboxylating p-coumaric acid to vinylphenol
during fermentation. But, these compounds promote the
functioning of cinnamate decarboxylase of the Brettano-
myces yeast during a contamination in red wine [113].
Logically, another explanation reveals that white wine
generally contains less microorganisms, which makes the
decarboxylation of p-coumaric acid and the reduction of
4-vinylphenol very low. If they exist in white wine, 4-vi-
nylphenols come from winemaking. In contrast, the pres-
ence of microorganisms in red wine is frequent, as well as
the presence of Brettanomyces yeast and the appearance of
ethylphenols.
Loureiro and Malfeito-Ferreira [14] noted that the
absence of high ethylphenol levels in white wine is largely
ascribed to the efficiency of sulfur dioxide (SO2) at lower
pH conditions. Finally, ethylphenol formation is favored in
wine at low alcohol content, because high concentration of
ethanol reduces microbial activity, which delays the syn-
thesis of ethylphenol. This production is inhibited by 13 %
ethanol [95].
Hydroxycinnamate decarboxylase (HcD) and vinylphenol
reductase (VPR) activities of Brettanomyces and influence
of some factors
Edlin et al. [114] have purified an HcD from B. anomalus
which was able to decarboxylate para-coumaric and ferulic
acids, but was inactive against ortho-coumaric, meta-cou-
maric, and cinnamic acids, indicating that the p-OH is
essential for its activity. Substituting the p-OH with a
methoxy-group also inhibited the activity. The enzyme
activity was shown to be constitutive and substrate induc-
ible (i.e., the enzyme activity increases when cells are
grown in the presence of increasing substrate concentra-
tions). So, the cinnamate decarboxylase activity was
induced by the presence of p-coumaric acid as well as
4-vinylphenol in the culture media, while VPR activity was
only induced by the presence of 4-vinylphenol [2]. More-
over, the decarboxylase of Brettanomyces/Dekkera spp. is
not inhibited by polyphenolic compounds of red wine
(procyanidins and catechins) while these compounds do
inhibit the decarboxylase of S. cerevisiae [115]. Baran-
kowski et al. [101] showed that hydroxycinnamic acids are
considered as antimicrobial agents and the action of HcD
detoxifies these compounds as a stress response [116]. This
function is not well understood and may have implications
on the control of Dekkera and Brettanomyces yeasts [32].
The optimum activity of the HcD enzyme of B. bruxell-
ensis was at pH 6.0 and at a temperature of 40 °C [117];
similar conditions were shown for the hydroxycinnamate
decarboxylase enzyme from B. anomalus [114], and the
highest activity was also observed in the late log phase of
growth. Because it is most likely that both enzymes (HcD
and VPR) belong to the same pathway, it is not surprising
that they are constitutively expressed and that the highest
activity is observed in the same culture phase [118] when
cells reach the late phase of growth. Optimal pH for VPR is
also 5–6, and when temperatures are above 50 °C or lower
than 10 °C, the activity of both enzymes declines signifi-
cantly. Dias et al. [95] reported that the production rate of
4-vinylphenol and 4-ethylphenol is improved by increasing
temperature from 16 to 30 °C; the yield remains the same.
VPR is known to be NADH dependent as the presence of
NADH in the assay medium led to a 50-fold increase in the
specific activity. Tchobanov [119] proposed that the
enzyme, which ensures the regeneration of NAD?, elimi-
nates the inhibition of the alcoholic fermentation,
explained by the Custer effect. Depending on strain vari-
eties and on genetic differences, enzyme activities may act
differently. Godoy et al. [117] showed that all the 12 iso-
lates of D. bruxellensis tested in the study possessed HcD
activity, while VPR activity does not seem to be common
among them. Both enzymatic activities increased when
p-coumaric acid was present in the culture media. The
isolates that presented VPR activity had variable HcD
activity, suggesting that they are not closely related, i.e.,
those isolates that have high HcD activity also have high
VPR activity and vice versa.
Ethanol has an important impact on both enzyme
activities. After few minutes of incubation in the presence
of 10 or 12 % ethanol (v/v), HcD activity drastically
decreases and is completely lost after 1 h, while VPR
activity loses 80 and 88 % in the presence of, respectively,
10 and 12 % ethanol (v/v) [2]. Benito et al. [107] showed
that when ethanol concentration exceeds 15 % (v/v), D.
bruxellensis was unable to convert p-coumaric acid into
4-ethylphenol, so there was no HcD and/or VPR activity
while low (5–10 %)—not very low (0 %)—ethanol con-
centrations favor the necessary enzymatic processes of
decarboxylation and/or reduction. This might be related to
the capacity of Dekkera/Brettanomyces to use ethanol as a
carbon source.
Summary of methods used for controlling and treating
the presence of Brettanomyces/Dekkera
and the production of ethylphenols in wine
The quantity of volatile phenols produced in wine depends
directly on the hydroxycinnamic acid composition, the
contamination by microorganisms, and the accumulation of
formed volatile compounds. Several recent researches are
under study to stop or prevent wine contamination by the
yeast Brettanomyces.
Chemical methods
The mainly used preservative is sulfur dioxide which is
effective in both prefermentation and post-fermentation
stages. A concentration of 30 mg/l of free SO2 is required
to be effective against these yeast activities [113]. Some
authors observed yeast growth with concentration of free
SO2 above 30 mg/l, reflecting certain D. bruxellensis
strains resistance [120]. This controversy does not lie in the
free form of SO2, but rather in the actual effectiveness of
its molecular form [121], which is dependent on many
variations in wine composition (pH, ethanol, temperature,
anthocyanin levels, and nutrient content) [36, 122]. It is
important to note that oxygen availability influences the
effectiveness of molecular SO2 on a strain of B. bruxell-
ensis. The strain can remain viable and proliferate in
contact with oxygen [21].
Recently, winemakers use less SO2 to alleviate concerns
about health implications since it has been shown that SO2
is related to pseudo-allergies. Izquierdo-Can˜as et al. [123]
studied the effectiveness of a colloidal silver complex
(CSC) (silver nanoparticles) as an alternative antiseptic to
SO2 in both white and red winemaking. CSC at the doses of
1 g/kg of grape was able to control acetic acid and lactic
acid bacteria development, without affecting the growth of
S. cerevisiae. Silver concentration in finished white and red
wine was well below legal limits, but CSC wine had lower
values of alcoholic degree and acetaldehyde content than
SO2 wine, but no differences in aroma and taste were
detectable between both wines.
The insoluble polyvinylpolypyrrolidone (PVPP) was
commercially introduced in 1961 as an adsorbent for
phenols of beer and wine [124]. PVPP is a synthetic clar-
ification material with high molecular weight composed of
cross-linked monomers of polyvinylpyrrolidone with
affinity for low molecular weight phenolics, such as
p-coumaric acid.
The mechanism of action is hydrogen bond formation
between carbonyl groups on the polyamide (PVPP) and the
phenolic hydrogen [125, 126]. Being a selective phenol
absorbent, PVPP exists in various particle sizes, and the
legal limit authorized by the EU regulation is 80 g/hl. In
general, it is used at rates between 12 and 72 g/hl. The use
of PVPP generally induces a decrease in total polyphenols,
phenolic acids, hydroxycinnamic acids, procyanidins, cat-
echins and polyphenols and protein complexes. Results
obtained by Lisanti et al. [127] revealed that a treatment
with PVPP leads to a 11 % decrease in the concentration of
4-ethylphenol in low contaminated red wine, while at
higher concentrations (1970 lg/l of 4-ethylphenol and
126 lg/l of 4-ethylguaiacol), the decrease in volatile phe-
nol levels was not statistically significant for all fining
agents. The effectiveness of PVPP is extensively discussed
in literature and is even contradictory [127]. It is also worth
mentioning that the effect of clarifying agents is not the
same for the elimination of a compound, where the treat-
ment material is added in pre- or post-fermentative phase.
It is interesting to note that very few studies show
effectiveness of chemical treatments (ozonation, antisep-
tics, dimethyldicarbonate (DMDC) commercially known as
Velcorin, etc.) specifically against Brettanomyces.
Ozone was shown to be a highly effective sanitizing
agent without interfering with the profile of the phenolic
substances extracted from oak. The effectiveness of ozone
in eliminating microorganisms was evaluated in aqueous
solution at several cell and ozone concentrations. At a cell
concentration of less than 103 CFU/ml, ozone was able to
eliminate wine spoilage microorganisms. At a high cell
concentration, the presence of organic matter reduced the
effectiveness of ozone [128]. Cantacuzene et al. [129]
found a reduction in Brettanomyces population with ozone
gas and with hot water treatment, but not with aqueous
ozone, while Coggan [130] noted the reduction of 99 % of
Brettanomyces population with ozonated water. Renouf
et al. [131] advised the use of DMDC after the end of
malolactic fermentation as it can act on fermenting species,
such as S. cerevisiae and Oenococcus oeni, and recom-
mended its use after bottling. Costa et al. [132] suggested
that, for an initial inoculum of 500 CFU/ml, the minimum
inhibitory concentration (MIC) of yeast species Schizo-
saccharomyces pombe, D. bruxellensis, S. cerevisiae, and
P. guilliermondii was 100 mg/l. They also noted that
Zygosaccharomyces bailii, Zygoascus hellenicus, and
Lachancea thermotolerans are the most sensitive strains,
with a MIC of 25 mg/l DMDC. When inoculation rates
increase to 106 CFU/ml, the maximum dose of DMDC
legally authorized (200 mg/l) was not effective against the
most resistant species. The addition of 100 mg/l potassium
metabisulfite, equivalent to 1 mg/l molecular sulfur diox-
ide, increased the inactivation effect of 100 mg/l DMDC
over initial yeast populations of 106 CFU/ml, but did not
fully kill S. pombe and S. cerevisiae.
It has been reported that the use of 3–6 g/l of a poly-
saccharide derived from chitin, called chitosan, drastically
decreases the growth of B. bruxellensis and B. intermedius
in mixed bioethanol fermentation with S. cerevisiae [133].
So far, the reaction mechanism of chitosan against Bret-
tanomyces has not been well understood. The antimicro-
bial activity of chitosan is effective from 5 to 10 days on
different strains of B. bruxellensis while S. cerevisiae,
alcohol, and malolactic fermentation were not affected.
However, it is recommended to inoculate lactic acid
bacteria 8 days after the chitosan treatment [134]. ‘‘No
Brett inside’’—known as a natural polysaccharide
extracted from a fungal source of chitin (Aspergillus
niger)—is an effective preventive tool against Brettano-
myces, which is commercialized by ‘‘Lallemand’’ com-
pany. It was accepted as a new practice by enological
codex in July 2009 by the Organisation Internationale de
la Vigne et du Vin (OIV) and has been allowed by the
European Union since December 2010. The recommended
dosage is 4 g/hl, while the maximum authorized concen-
tration is 10 g/hl.
The ability of four polymers (cellulose acetate, cellulose
acetate propionate (CAP), cellulose acetate butyrate, and
cellulose propionate (CP) fibers) to reduce 4-ethylphenol
and 4-ethylguaiacol was recently evaluated in wine. CAP
and CP performed best results, but CAP was the most
promising because of its more favorable Food and Drug
Administration (FDA) classification for food contact sub-
stances. Doses of up to 20 g/l of CAP and wine contact
times of up to 60 min were tested. Using 4 g/l, an average
of 31–32 % of both phenols was reduced in defective red
wines. This wine treatment affected neither color nor total
proanthocyanidins and catechins, and wines were judged to
be better than the corresponding spoiled controls. The
advantage of CAP fiber is that it can be regenerated by
washing with ethanol or aqueous solution (pH 12), without
remarkable changes in depletion efficiency [135].
Biological methods
Recently, biological control procedures have been consid-
ered as desirable alternatives to chemical ones [136].
Several studies are being developed to avoid yield losses
caused by Brettanomyces in the wine industry. An alter-
native approach, based on antimicrobial peptides derived
from a natural protein, was described by Enrique et al.
[137]. Results showed that lactoferrin-derived peptides,
either LfcinB17-31 or a pepsin LF hydrolysate, inhibit the
growth of D. bruxellensis when growing in laboratory
medium and wine. Moreover, the efficiency of LfcinB17-
31 depends on D. bruxellensis strains and on the food
matrix.
Benito et al. [138] proposed a new biological strategy to
minimize ethylphenol precursors in red wine by the for-
mation of pyroanthocyanins from S. cerevisiae strains with
high HcD activity. This activity significantly increased the
formation of vinylphenolic pyranoanthocyanins and
reduced the final concentration of 4-ethylphenol and
4-ethylguaiacol generated by the VPR activity of D. brux-
ellensis. By using this method, ethylphenol concentrations
were reduced to 70 %. Another study described a natural
strategy to reduce the formation of ethylphenols in wines
contaminated by Dekkera/Brettanomyces, which is related
to the combined effect of using cinnamyl esterases and
HcD? Saccharomyces strains. The musts treated with cin-
namyl esterases and later fermented with HcD? yeast
strains showed lower contents of 4-ethylphenol than those
fermented with HcD- strains. This reduction in the ethyl-
phenol content is due to the transformation of hydroxycin-
namic acids into stable vinylphenolic pyranoanthocyanins
pigments [139].
Another biocontrol agent, which is very suitable for
winemaking applications, has been described by Santos
et al. [140]. It is a new killer toxin (PMKT2) produced by P.
membranifaciens that has both activity and stability com-
patible with pH and temperature values of wine production.
PMKT2 showed killer activity against B. bruxellensis in
similar conditions as those prevailing in wine fermentation,
while S. cerevisiae was fully resistant, indicating that
PMKT2 is compatible with the fermentative process.
Moreover, Santos et al. [136] proved the killer activity of
Ustilago maydis to be effective against B. bruxellensis as
this strain is capable of producing a KP6-related toxin at pH
values between 3.0 and 4.5 and temperatures between 15
and 25 °C while S. cerevisiae is fully resistant to its killer
activity. In addition to the observed growth inhibition, small
amounts of the toxin are able to reduce the production of
responsible volatile phenols, thus controlling the aroma
defects in wine caused by B. bruxellensis.
Among the various types of materials used in the clar-
ification, yeast lees have a direct effect on the composition
of volatile phenols in wine. Indeed, studies of Chassagne
et al. [141] reveal that ethylphenols can be eliminated from
the environment by adsorption on yeast lees. These lees are
mainly composed of produced and dead yeast, mixed with
tartaric salts, bacteria, and cell debris. They are used in
breeding wine and actively involved in the adsorption of
these phenolic compounds. An interaction happens
between wine polyphenols and proteins by linking van der
Waals bonds [121, 142, 143]. Although this interaction is
limited, it has a pronounced effect on the phenolic com-
position of wine [144]. It seems that there is a correlation
between the adsorption of polyphenols and the presence of
live or dead yeast in wine [145]. Depending on the varieties
of yeasts and depending on the environment, the relative
effectiveness of adsorption differs.
The use of yeast hulls presents an eco-friendly alterna-
tive to conventional physicochemical techniques used to
decrease volatile phenols in wine. S. cerevisiae mutant
strains with deletion of genes encoding specific proteins
involved in cell wall structure and composition were stud-
ied, and a major role of mannoprotein (occurring in the cell
wall or hull) in 4-ethylphenol sorption was identified. The
sorption capacity of 4-ethylphenol by yeasts was greatly
influenced by the strain nature, the methods and medium
used for biomass production, and the drying of yeasts after
harvesting as well. It was confirmed that 4-ethylphenol
sorption occurs at the surface of the yeast wall and that not
all mannoproteins are determinants of sorption; the sorption
capacity of cells with deletion of Gas1p-encoding gene was
75 % lower than that of wild type.
Physical methods
Physical treatments (flash pasteurization, sterilization, etc.)
do not seem to be as effective as sulfitation [16]. The cross-
flow filtration is an alternative curative technology, gen-
erally used for microbiological stabilization where the risk
of alteration is important. It can reduce the microflora
populations by 1000-fold, but yeast in a viable-but-non-
cultivable (VBNC) state is small in size and may pass
through the 0.45-lm filtration membrane [12] as Bretta-
nomyces is believed to possibly reduce their size when
entering the VBNC state. Sua´rez et al. [17] reported that
sterile filtration or the fining proteins are effective against
any type of microorganisms, while Couto et al. [146] noted
that these procedures are not totally effective so they can
negatively affect the sensorial properties of wine [147].
Latest findings suggest that successful removal by filtration
was a strain-specific characteristic. Authors suggested that
the addition of 0.5 mg/l of molecular SO2 in combination
with 1.2 lm membrane filtration decreased populations of
all spoilage strains tested to obtain a microbiologically
stable wine [148].
A method for removing volatile phenols by Brettano-
myces was developed and validated at Inter Rhone. The
treatment process is based on a membrane technology
coupled with an adsorbent. This matrix adsorption specif-
ically eliminates some of the volatile phenols after an
assembly of the wine treated with the one untreated.
Indeed, it reduces the concentration of 90 % of volatile
phenols while most of the enological standard analyses
showed no change, except in the alcoholic degree that
decreases by 5 % [149]. Another technique to reduce
4-ethylphenol concentrations was developed by Palomero
et al. [150], who reported the capacity of lyophilized S.
cerevisiae G37 and Schizosaccharomyces pombe 936 to
adsorb 4-ethylphenol. The impact of this treatment was
significant reductions in the wine anthocyanin content,
leading to color loss when the yeast dose increased, so the
problem is whether this technique could be of practical use.
Anew systemusing pulsed electric fields technology (PEF)
has been developed by Pue´rtolas et al. [151] to control
microbiological contamination in wineries, especially Dek-
kera and Lactobacillus. They established an optimum treat-
mentwhich permitted to reduce 99.9 %of the spoilageflora of
must and wine. After applying PEF treatments at the most
intensive intensities, no changes in color and odors were
observed. Ingeneral, allmicrobial speciesweremore sensitive
in wine than in must. Only Lactobacillus plantarum revealed
higher PEF resistance in wine. The different behavior con-
cerning PEF resistance inmust andwine could be attributed to
high ethanol concentration inwine (13 %v/v). Among yeasts,
D. bruxellensis in must and S. bayanus in wine were the most
sensitive microorganisms, andD. anomalawas the most PEF
resistant, independently from the medium.
In addition, the effective use of low electric current
treatment (LEC) in the winemaking process can prevent the
growth of undesirable Dekkera yeasts [152]. The LEC
treatment caused alterations in the morphology and integ-
rity of cells. When comparing with the control that did not
submit a treatment, rupturing of the membrane system with
a loss of cell organization was observed while no evident
changes in color, odor, or other criteria (floral, reduced,
acetic) were mentioned on the 60th day in wine before and
after LEC treatments at 200 mA intensities.
Combining high-power ultrasonics (HPU) with hot
water of at least 60 °C was also able to eliminate cultivable
D. bruxellensis inoculated on the surface (0–2 mm) and up
to 4 mm into the oak itself. Wine stored in HPU-treated
barrels did not show any differences in their extraction of
oak compounds, nor could these wines be differentiated by
a sensory panel. Thus, HPU did not adversely affect oak
extraction into wine [153].
The effect of high hydrostatic pressure (HHP), which
can be regarded as a form of cold pasteurization, on wines
contaminated with Dekkera/Brettanomyces populations of
104 and 106 CFU/ml growing at either pH 3.2 or 3.6 and at
room temperature (25 °C) was studied. The HHP treatment
(100 MPa for 24 h) was highly effective at controlling the
growth of all combinations of starting yeast population and
pH, without causing significant modifications of thermo-
sensitive wine molecules such as pigments and volatile
compounds [154].
Recently, the effectiveness of microwave technology
which is a short treatment (1 min repeated 3 times) based on
the use of a pulse train generator of high frequency (3,000 W)
was tested in oak barrels, in order to remove microorganisms
in depth (8 mm) of inside of the barrel staves. Themicrowave
treatment did not affect chemical wood quality despite having
effects in themicrobial populations; from35 to 67 %of the B.
bruxellenxis population in French and American oak,
respectively, were eliminated [155]. The percentage of
microorganism reduction was greater in American oak staves
due to the different uses of the barrels and also to the higher
porosity of the French oak wood, which would favor a higher
wine penetration, increasing the difficulty in cleaning and
sanitizing them [156].
Conclusion
Volatile phenols such as 4-ethylphenol, 4-ethylguaiacol,
4-vinylphenol, and 4-vinylguaiacol are considered to be pri-
marily responsible for ‘‘off-flavors’’ and induce significant
problems that arise in winemaking. Brettanomyces is the wild
yeast implicated in this spoilage and has long been associated
with these volatile phenols as analysis of wine for these
compounds enables wineries to identify the presence of
Brettanomyces populations large enough to impact wine
sensory effects. This yeast genus is difficult to be eliminated
once established in a winery. This review gave a compre-
hensive study based on the levels and factors governing the
production of undesirable metabolites. It also shows methods
cited in literature, formonitoring the risk fromBrettanomyces,
making the winemaking process control easier.
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